The mammalian ␣1,6-fucosyltransferase (FUT8) catalyzes the core fucosylation of N-glycans in the biosynthesis of glycoproteins. Previously, intensive in vitro studies with crude extract or purified enzyme concluded that the attachment of a GlcNAc on the ␣1,3 mannose arm of N-glycan is essential for FUT8-catalyzed core fucosylation. In contrast, we have recently shown that expression of erythropoietin in a GnTI knock-out, FUT8-overexpressing cell line results in the production of fully core-fucosylated glycoforms of the oligomannose substrate Man 5 GlcNAc 2 , suggesting that FUT8 can catalyze core fucosylation of N-glycans lacking an ␣1,3-arm GlcNAc in cells. Here, we revisited the substrate specificity of FUT8 by examining its in vitro activity toward an array of selected N-glycans, glycopeptides, and glycoproteins. Consistent with previous studies, we found that free N-glycans lacking an unmasked ␣1,3-arm GlcNAc moiety are not FUT8 substrates. However, Man 5 GlcNAc 2 glycan could be efficiently core-fucosylated by FUT8 in an appropriate protein/peptide context, such as with the erythropoietin protein, a V3 polypeptide derived from HIV-1 gp120, or a simple 9-fluorenylmethyl chloroformate-protected Asn moiety. Interestingly, when placed in the V3 polypeptide context, a mature bi-antennary complex-type N-glycan also could be core-fucosylated by FUT8, albeit at much lower efficiency than the Man 5 GlcNAc 2 peptide. This study represents the first report of in vitro FUT8-catalyzed core fucosylation of N-glycans lacking the ␣1,3-arm GlcNAc moiety. Our results suggest that an appropriate polypeptide context or other adequate structural elements in the acceptor substrate could facilitate the core fucosylation by FUT8.
The asparagine-linked (N-linked) glycosylation is a major posttranslational modification in mammalian systems, which profoundly affects the intrinsic properties and biological functions of proteins (1, 2) . The biosynthesis of N-glycoproteins involves multiple steps, including the initial transfer of a large precursor N-glycan, Glc 3 Man 9 GlcNAc 2 , to the nascent protein by the oligosaccharyltransferase at the endoplasmic reticulum, followed by the processing of the precursor N-glycan at the endoplasmic reticulum and then in the Golgi apparatus to highmannose, complex, and/or hybrid glycoforms. Core fucosylation, the transfer of an ␣1,6-linked fucose to the innermost GlcNAc by an ␣1,6-fucosyltransferase (FUT8), 2 is an important step in this process. It regulates various cellular functions, including cell activation (3) and cell adhesion (4 -6) . Studies in mouse models have shown that knock-out of the FUT8 gene induces severe growth retardation and death during postnatal development (7) . Enhanced core fucosylation is often associated with cancer progression (8) . For example, AFP-L3, the corefucosylated ␣-fetoprotein, is a Food and Drug Administration-approved biomarker for hepatocellular carcinoma (a major form of liver cancer) (9) . Core fucosylation also directly modulates the biological activity of glycoproteins, such as the bioactivities of several tyrosine kinase receptors (3, 7) , and the antibody-dependent cellular cytotoxicity of IgG antibodies (10) . In the mammalian N-glycosylation-processing pathway, core fucosylation is preceded by the transfer of an N-acetylglucosamine (GlcNAc), in an ␣1,2-glycosidic linkage, to the 3-arm mannose residue of the oligomannose substrate, Man 5 GlcNAc 2 , by N-acetylglucosaminyltransferase I (GnTI). Previously, this step was considered a prerequisite for the core fucosylation (Fig.  1A) . A number of previous in vitro studies, using either crude extract (11) (12) (13) (14) or purified enzyme (15) (16) (17) (18) (19) , have shown that FUT8 could not transfer the fucose to high-mannose type N-glycan lacking the 3-arm GlcNAc moiety. Recently, Wang and co-workers (19) performed a comprehensive analysis using a library of 77 N-glycans, and the study demonstrated that FUT8 strictly requires the presence of a free GlcNAc moiety to the ␣1,3-arm in the N-glycan for the fucose transfer, whereas the requirement for the 1,6-arm is relaxed. Nevertheless, in contrast to those in vitro analysis, several previous reports have implicated a GnTI-independent fucosylation pathway in mammalian cells. Haltiwanger and co-workers (20) first reported the identification of core-fucosylated Man 5 GlcNAc 2 glycoform from natural proteins in a GnTI knock-out CHO cell line. Later, Crispin et al. (21) reported the detection of minor fractions (ϳ5%) of core-fucosylated high-mannose glycoforms in recombinant glycoproteins produced in GnTI knock-out CHO and human HEK293S cell lines, confirming the presence of a GnTIindependent fucosylation pathway. Recently, our group has reported that expression of several glycoproteins, including ectodomain of Fc␥IIIa receptor, GM-CSF, and erythropoietin (EPO), in a GnTI knock-out HEK293T cell line in suspension culture produced a significant amount (3-50%) of the corresponding core-fucosylated Man 5 GlcNAc 2 (M5) glycoforms (6) . Overexpression of the FUT8 gene in this cell line led to full core fucosylation of EPO-M5, whereas knockdown of this gene resulted in production of EPO glycoforms without core fucosylation, confirming that FUT8 is the sole enzyme responsible for core fucosylation (6) . The apparently contradictory in vitro and in vivo results prompted us to revisit the substrate specificity of FUT8. We noticed that the acceptors used in those in vitro assays were either free glycans (with or without simple derivatization) or very small glycopeptide (produced from glycoproteins by intensive Pronase treatment). In contrast, all of the core fucosylations of oligomannose glycan detected in vivo are from glycoproteins. This led us to hypothesize that in addition to the N-glycan part, the peptide portion of certain glycoprotein (such as EPO) may also interact with FUT8 to facilitate the catalysis of core fucosylation of the N-glycans that otherwise have only low activity toward FUT8 (Fig. 1B) 
Results

FUT8-catalyzed fucosylation of EPO-M5
To test our hypothesis that the peptide portion of EPO may enhance the fucosylation by FUT8, we performed the in vitro reaction with EPO-M5, following the procedures described by Wang and co-workers ( Fig. 2) (19) , with a human FUT8 (Thermo Fisher). We prepared the EPO-M5 by ␣1,2-mannosidase treatment of the high-mannose glycoform of EPO that is produced from the HEK293T cell line. As shown in Fig. 3A , LC-MS analysis of EPO-M5, the starting material, displayed a major peak of 23,008 Da (calculated mass ϭ 23,011 Da), with a minor peak of 23,153 (addition of one fucose) that is derived from in vivo core fucosylation. After a 5-h reaction (Fig. 3B) , three new major species emerged, with a molecular mass of 23,153, 23,300, and 23,447 Da, respectively (deconvolution data). The difference between the three species was 146 Da (a fucose moiety, suggesting the addition of 1-3 fucose moieties to the EPO glycoforms). The most abundant species corresponded to the addition of three fucose moieties to the Man 5 GlcNAc 2 -EPO (measured 23,447 Da, calculated mass ϭ 23,449 Da). An extended incubation (24 h) of the reaction mixture with FUT8 (at a low concentration of 0.05 mg/ml), without replenishing any enzyme or GDP-fucose, converted the intermediates into this fully fucosylated glycoform of EPO (estimated 90%). (Fig. 3C ). This result provided direct evidence that FUT8 was able to core-fucosylate Man 5 GlcNAc 2 glycan in vitro in the context of EPO, lacking an unmodified GlcNAc moiety at the ␣1,3-arm. This experiment also confirms our previous in 
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vivo experimental observation that FUT8 is the sole enzyme responsible for core fucosylation of high-mannose N-glycans of glycoproteins. To confirm that fucose is specifically transferred to M5 glycan, the whole glycan was released from the transferred product and analyzed with MALDI-TOF MS. As shown in Fig. 3D , the major N-glycan (Ͼ90% in relative intensity), with a molecular mass of 1403.6 Da, matches well with the expected molecular mass of Man 5 GlcNAc 2 Fuc (M5F; calculated molecular mass ϭ 1403.4 Da).
Fucosylation of other M5 compounds without ␣1,3-arm GlcNAc (Rb-M5, V3-M5 glycopeptide, M5-Asn-Fmoc, and M5)
In addition to EPO-M5, we examined the Man 5 GlcNAc 2 glycoform of ribonuclease B (Rb-M5). The Rb-M5 was prepared by trimming of the commercially available bovine ribonuclease B (mixtures of Man 5-9 GlcNAc 2 glycoforms) with ␣1,2-mannosidase to give the pure Man 5 GlcNAc 2 -RNase glycoform (found, 14,898 Da, calculated mass ϭ 14,899 Da) (Fig.  4A) . Interestingly, incubation of Rb-M5 with FUT8 (0.05 mg/ml) under the same conditions as for EPO-M5, resulted in almost no core fucosylation of the Rb-M5 (Fig. 4B) , which was in sharp contrast to that of EPO-M5. This result suggests that an appropriate protein context is important to facilitate in vitro core fucosylation by FUT8. We have shown previously that different glycoproteins gave different levels of core fucosylation in 293GnTI Ϫ/Ϫ cells. Whereas expression of EPO-M5 resulted in Ͼ50% core fucosylation, expression of the Fc␥IIIa receptor gave only 3% of the core-fucosylated glycoforms (6) . We next tested an HIV-1 V3 glycopeptide (33 amino acid residues) carrying a glycan (V3-M5) and also simple Man 5 GlcNAc 2 derivatives. The results are summarized in Table 1 . We observed significant core fucosylation of glycopeptide V3-M5 by FUT8 (0.05 mg/ml), giving ϳ30 and 50% core fucosylation within a 5-and 24-h incubation, respectively (Fig. 4D) . On the other hand, we also found that an Fmoc-modified Man 5 GlcNAc 2 glycan, M5-AsnFmoc, could also serve as a substrate of FUT8, albeit with lower reactivity than the V3-M5. 24-h incubation of M5-Asn-Fmoc (Fig.  4E) with FUT8 led to the formation of ϳ30% of the fucosylated product (Fig. 4F) . In comparison, we confirmed that the free N-glycan Man 5 GlcNAc 2 was not a substrate of FUT8, because incubation of Man 5 GlcNAc 2 with FUT8 under the same conditions as for M5-Asn-Fmoc and M5-V3 did not give a detectable fucosylated product (Fig. 4H) . This result is consistent with previous reports.
Fucosylation of M5 compounds with an unmodified GlcNAc moiety at the ␣1,3-arm
To compare the contribution of the ␣1,3-arm GlcNAc for core fucosylation, we synthesized the corresponding ␣1,3-arm GlcNAc derivatives by GnTI-catalyzed transfer of a GlcNAc moiety to V3-M5, M5-Asn-Fmoc, and M5, respectively, and tested their reactivity to FUT8. We found that all of the ␣1,3-arm GlcNAc modified derivatives were excellent substrates of FUT8. Under the same enzymatic reaction conditions as above, 100% core fucosylation of the ␣1,3-arm GlcNAc modified derivatives were achieved within a 2-h incubation ( Fig. 5 and Table 1 ). This result verified the previous conclusion that N-glycans with an unmodified GlcNAc attached to the ␣1,3 mannose arm are preferred substrates for FUT8.
Fucosylation of complex type V3 glycopeptide
A previous study showed that FUT8 was unable to transfer fucose to complex type N-glycan in which the ␣1,3-arm 
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GlcNAc was capped by a galactose or was chemically modified (15, 19) . In our study, we tested whether FUT8 could transfer fucose to Gal 2 GlcNA 2 Man 3 GlcNAc 2 (CT) in the context of the V3 peptide (Fig. 6) . We found that incubation of V3-CT with FUT8 (0.05 mg/ml) for 5 days did result in core fucosylation, giving the core-fucosylated V3 glycopeptide, albeit at a slow transformation (ϳ30% conversion). A new species at m/z 5482.3, an addition of 146 Da to the starting V3-CT, appeared in LC-MS analysis, suggesting an addition of a fucose moiety to the V3-CT (Fig. 7, A and B) . To verify that the fucose was attached to the innermost GlcNAc moiety of the N-glycan, we performed Endo-F3 and PNGase F treatment of the reaction product. Endo-F3 specifically cleaves core-fucosylated N-glycans between the two GlcNAc moieties, whereas PNGase F removes the whole N-glycan from the glycopeptide by hydrolyzing the glycosylamide linkage. As illustrated in Fig. 7C , treatment of the product with Endo-F3 revealed a new peak of 4261.9 Da in LC-MS analysis, which corresponds to V3 peptide plus a GlcNAc and a fucose moiety. The V3-CT peak remained intact. This result indicated that the fucose was attached specifically at the innermost GlcNAc of the glycopeptide. Treatment of the product with PNGase F showed a single peak of 3913.8 Da, matching well the V3 peptide backbone where the Asn is converted to Asp after removal of the whole N-glycan (Fig.  7D ). This result indicated that the fucose is specifically transferred to the N-glycan, not the peptide portion. Taken together, the data clearly confirmed that fucose was specifically transferred to the innermost GlcNAc of the complex type V3 glycopeptide by the FUT8.
Discussion
In 1968, Bosmann et al. (11) first reported a fucosyltransferase from crude extract of human HeLa cells that specifically 
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transfers fucose to asialoagalacto-fetuin, but not to mono-or disaccharide acceptors. Later, Wilson et al. (12) observed that rat liver microsomes contained a fucosyltransferase that catalyzed transfer of fucose to asparagine-linked GlcNAc on asialoagalactoglycopeptide (prepared from ␣1-acid glycoprotein), with the attachment of a GlcNAc to ␣1,3-mannose branch. When no GlcNAc was added to the ␣1,3-mannose arm, no transfer of fucose was detected, suggesting a requirement of a free GlcNAc moiety on the ␣1,3-mannose arm for FUT8-catalyzed fucosylation. Following these pioneer studies, several other groups, including Longmore et al. Revisiting substrate specificity of FUT8 Serna et al. (17) , and, more recently, Wang and co-workers (18, 19) , have further tested the substrate specificity of FUT8 using either crude extract or purified enzyme from various resource on different N-glycan substrates. All of these studies have reached the same conclusion that FUT8 is unable to perform in vitro core fucosylation of N-glycans lacking the ␣1,3-arm GlcNAc or the N-glycans in which the ␣1,3-arm GlcNAc is masked or modified. These in vitro studies appeared to be contradictory to the detection of core-fucosylated high-mannose type glycoforms in GnTI knock-out CHO cell lines (20, 21) . More recently, we have shown that FUT8 is the sole enzyme responsible for the full core fucosylation of the Man 5 GlcNAc 2 glycoform of EPO in a GnTI knock-out and FUT8-overexpressing HEK293T cell line (6). 
The apparently contradictory results from the previous in vitro and in vivo studies prompted us to test a hypothesis that in addition to the ␣1,3-arm GlcNAc moiety, the protein context of the substrate could also play a role in promoting FUT8-catalyzed core fucosylation. Indeed, except for the first report in 1968, all of the in vitro characterization of FUT8 used either free glycans, glycans with simple labeling, or glycans linked to very short peptides. We notice that all in vivo core fucosylation occurred in the context of proteins. In the present study, we provided the first examples indicating that FUT8 was able to core-fucosylate Man 5 GlcNAc 2 glycan in vitro when it was placed in the context of an appropriate protein, such as the EPO, a peptide, such as the V3 domain peptide, and even an Fmoc-tagged Asn moiety. We also found that the glycosylation efficiency was dependent on the context, with the EPO protein being the most effective to promote the FUT-catalyzed fucosylation. Interestingly, we also found that the FUT8 could also fucosylate a full-length complex type N-glycan in the context of the V3 peptide, although at a much lower efficiency compared with the Man 5 GlcNAc 2 -V3 glycopeptide.
These results suggest that in addition to an ␣1,3-arm GlcNAc moiety in the glycan, FUT8 could also interact favorably with a suitable peptide portion, as in the case of EPO, or maybe even a simple hydrophobic motif, as exemplified by the Fmoc-tagged M5, to promote the fucosylation. More studies, including detailed structural analysis of enzyme FUT8 or of FUT8 in complex with selected acceptor substrates, as well as testing of additional, specifically modified N-glycan substrates, should be performed to further characterize the nature of the enzyme-substrate interactions for enhanced catalytic efficiency.
Materials and methods
Preparation of various substrates containing M5 glycan
EPO-M5 was produced by trimming EPO with high mannose glycan (EPO-HM) with ␣1,2-mannosidase from Bacteroides thetaiotaomicron (22) . The EPO-HM was produced from the HEK293T cell line in the presence of kifunensine, the mannosidase inhibitor (23) , and purified according to the protocol reported previously (6) . Rb-M5 was prepared by trimming ribonuclease B (Sigma-Aldrich) with the same ␣1,2-mannosidase. In the experiments, 100 g of the EPO-HM or ribonuclease B was mixed with 0.5 g of ␣1,2-mannosidase in 10 l of 50 mM sodium citrate buffer, pH 5.6, containing 5 mM of calcium chloride and incubated at 37°C for 1 h. The biotinylated V3-M5 glycopeptide with one M5 glycan on position Asn-332 was synthesized as reported (24) ; it was originally designed for antibody binding study in an HIV vaccine design. The M5-Asn-Fmoc was prepared from soybean flour according to a reported protocol (25) . The M5 glycan with a reducing end was prepared by trimming EPO-M5 with PNGase F (6). The released M5 glycan was purified with HyperSep TM Hypercarb TM SPE cartridges (Thermo Fisher Scientific) (26) . All substrates were dialyzed to MES buffer (Sigma-Aldrich), pH 7, before carrying out in vitro fucosylation.
Preparation of various substrates containing GlcNAcMan 5 GlcNAc 2 (GnM5)
Each substrate (V3-M5, M5-Asn-Fmoc, and M5) was mixed with 0.5 g/l human GnTI (27), 3 molar eq of GlcNAc-UDP (Sigma-Aldrich) in 0.1 M Tris-HCl buffer (pH 8) containing 20 mM manganese chloride. The reaction mixture was incubated at 37°C overnight to reach completion. All substrate was dialyzed to MES buffer, pH 7.
In vitro substrate specificity study of FUT8
All reactions were carried out on a 10-l scale at 37°C. For glycoprotein substrate EPO-M5 or Rb-M5, ϳ0.6 nmol of substrate was mixed with 1 mM GDP-fucose (Carbosynth USA, San Diego, CA) and 0.05 g/l human FUT8 enzyme (Thermo Fisher Scientific) in the presence of 0.1 M MES buffer, pH 7. For other substrates (V3-M5, M5-Asn-Fmoc, M5, V3-GnM5, GnM5-AsnF-Fmoc, GnM5, and V3-CT), 3 nmol of material was used. The reaction was monitored by LC-MS analysis of reaction fractions collected at certain time points.
LC-MS analysis
To characterize the processes, each enzymatic reaction was analyzed by an ExactivePlus Orbitrap LC-MS (Thermo Fisher Scientific). The evaluation of protein reactions was performed with an Xbridge TM BEH300 C4 column (3.5 m, 2.1 ϫ 50 mm, Waters), under a 6-min linear gradient of 5-90% acetonitrile with 0.1% formic acid at a flow rate of 0.4 ml/min. For glycans, Fmoc-Asn-glycans, and glycopeptide, assessments were carried out by an Xbridge TM C18 column (3.5 m, 2.1 ϫ 50 mm; Waters) under the same gradient and flow rate as for the C4 column.
MALDI-TOF mass spectrometry analysis
To confirm that fucose was specifically transferred to M5 glycan on EPO, glycan was released from EPO-M5 fucosylation product by PNGase F. Purified glycans were then analyzed by a Bruker UltrafleXtreme MALDI-TOF/TOF mass spectrometer in positive reflector mode. 100 mg/ml 2,5-dihydroxybenzoic acid (Sigma-Aldrich) matrix was prepared in a 1:1 H 2 O/ACN solution, with an additional 20 l of N,N-dimethylaniline (Sigma-Aldrich) (28) . 
